We report on the application of the Resistively Shunted Junction (RSJ) model to granular high T C superconductors. Some derived predictions of the RSJ model are applied to a set of superconducting granular samples which can be considered as a network of Josephson junctions. The investigated samples belong to both holedoped Y 1−x Pr x Ba 2 Cu 3 O 7−δ (x = 0.0, 0.35, and 0.45) and the electron-doped Sm 2−x Ce x CuO 4−δ (x = 0.18) systems which display the so-called double resistive superconducting transition. We have performed several transport measurements in these compounds including temperature and magnetic field dependence of the electrical resistance, R(T, H), and I-V characteristics. Several aspects of the I-V characteristics were quantitatively well described by the RSJ model. The combined results strongly suggest that dissipation in granular superconducting samples is a natural consequence of the normal current flowing in parallel with the supercurrent current.
I. INTRODUCTION
In the last years, much attention has been dedicated to understanding aspects related to superconductivity in granular and disordered systems [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . One remarkable feature of granular superconductors is the occurrence of a double resistive superconducting transition [1] [2] [3] [4] [5] [6] [7] . Such a double transition is noticeable by two well defined drops in the electrical resistance of a given superconducting material at two distinct temperatures labeled T ci and T c j . The first superconducting transition, which occurs at an upper temperature T ci , is attributed to the development of superconductivity in isolated superconducting islands within the material. The second transition, which eventually drives the system to the zero resistance state, occurs at T c j < T ci . Such a transition is related to the long range phase coherence of the order parameter in which Josephson coupling between superconducting islands is achieved [1, 3, 5, 6] According to several authors [8, 9, [13] [14] [15] [16] , the dissipation in superconducting junctions is well described by the Resistively Shunted Junction (RSJ) model in which a normal current can flow in parallel with a supercurrent, as schematized in the circuit displayed in Fig. 1 . In such a circuit, when the current exceeds the critical current of the junction I C a normal current flows in parallel with the supercurrent and dissipation process starts. Within this context, several works have been reported concerning the RSJ model applied to single grain-boundary Josephson junctions [14] [15] [16] .
The RSJ model states that the total applied current I which crosses a junction is given by:
where I S is the supercurrent and I N is the normal current related to the dissipation in the junction. The normal current is predicted to be described by 
where R N is a normal state shunt resistance which is assumed to be magnetic field independent (see Fig. 1 ). Combining Eqs.
(1) and (2) yields
There are few points to be addressed in Eq. (3). First, when the total applied current is increased, the maximum supercurrent through the junction is reached at I S = I C , where I C is the critical current of the junction. For I S = I C and using Eq. (3) one is able to obtain
Considering I-V characteristics measured at different applied magnetic fields (H) and fixed temperatures, it is of interest to analyze the consequences of Eq. (4). When H is lower than the upper intergranular critical field (H c2J ) [17] [18] [19] , I C = zero which indicates that a linear regime (dV /dI = R N = constant) at high excitation currents (I > I C ) must be observed in I-V characteristics. Furthermore, for applied magnetic fields H > H c2J , I C is reduced to zero and a linear (ohmic) regime given by
must be reached. In addition to this one would expect a saturation of the magnetoresistance of the system starting when R = R N . We mention that these predictions are different from those expected by the classical flux-flow model in which linear regimes in I-V characteristics at I > I C are magnetic field dependent (dV /dI ∼ H) [20, 21] .
Finally, going back to the Eq. (1), as I N increases there is a value of I N in the I-V curve in which I N reaches I S . At this point, I = 2I N = 2I S or I S = I/2 which provides (see Eq. 3)
In order to verify if the approaching of I N to I S is related to the linear regime of an I-V curve, let us compare Eqs. (4) and (6) . This procedure yields I = 2I C and, consequently, I N = I S = I C . Such a result indicates that for values of I = 2I C a crossing point separating the non-linear from the linear regimes takes place in the I-V characteristics for each applied magnetic field. In the regime where I < 2I C , the behavior of I-V curves is dominated by the supercurrent component (non-linear regime). On the other hand, for I > 2I C , the dissipation is dominated by the single particle current and the I-V characteristics display linear regimes for applied magnetic fields.
In order to verify the applicability of the RSJ model to a system comprised of many Josephson junctions, we describe here a systematic investigation of transport properties in polycrystalline samples exhibiting the double resistive superconducting transition. The investigated samples belong to the hole-doped Y 1−x Pr x Ba 2 Cu 3 O 7−δ (x = 0.0, 0.35, and 0.45) and electron-doped Sm 2−x Ce x CuO 4−δ (x = 0.18) systems. Furthermore this work provides experimental basis for the twofluid model for transport properties of granular superconductors published elsewhere [22] .
II. EXPERIMENTAL PROCEDURE
Polycrystalline samples of the system Y 1−x Pr x Ba 2 Cu 3 O 7−δ were prepared by the solid state reaction method. The powders were mixed in appropriate amounts and sintered at different temperatures depending on sample composition. Phases were identified by X-ray powder diffractometry using Cu-Kα radiation. Optical and scanning electron microscopy revealed the granular structure of the samples. These results showed that the samples are single phase. Details about these procedures were already reported elsewhere [12] .
Polycrystalline samples of Sm 1.82 Ce 0.18 CuO 4−δ were prepared by using the sol-gel route [23] . Powder X-ray diffraction revealed single phase material with the T'-structure. Details about the sample preparation and the chemical reduction necessary to induce superconducting properties in this compound are given in Ref. 6 and 23. All the samples were characterized by magnetotransport measurements. Copper electrical leads were attached to Aufilm contact pads (contact resistance < 1Ω) on parallelepipedshaped samples using Ag epoxy. The applied electrical current was alternated in all measurements in order to eliminate the thermopower effects produced in the voltage contacts [24] . Conventional four-wire electrical resistance and magnetoresistance were performed in the limit of low applied magnetic fields, employing excitation current from 1 to 100 mA. The voltage versus excitation current I-V curves were performed for several values of applied magnetic field in the range 0 ≤ H ≤ 5000 Oe, employing excitation current up to about 50 mA. Before each measurement, the samples were cooled down from the normal state in zero applied magnetic field after which the magnetic field was turned on. Since R(T ) below T c j for both samples is excitation current dependent one is able to assure that a non-ohmic regime appears due to the increasing I. This is the expected behavior in a system comprised of superconducting clusters linked by Josephson coupling. In such a system increasing excitation current results in a suppression of the coupling between superconducting clusters leading the system to a non-zero resistance state at low temperatures.
III. RESULTS AND DISCUSSION
In order to further investigate the dissipation at temperatures below T c j , we have measured I −V characteristics for representative samples belonging to the Y 1−x Pr x CuO 3 O 7−δ and Sm 2−x Ce x CuO 4−δ systems. The results of a set of I-V characteristics for these samples measured at fixed temperatures, for different values of applied magnetic fields are displayed in Fig. 3 . From these curves it is clear that the I-V characteristics exhibit linear behavior at high applied excitation currents, I > I C , which are independent of the material. I C was defined as the current value in which V = 0, obtained from the extrapolation of the linear regime of the V(I) curve down to lowest value of the excitation current. Most importantly the data displayed in Fig. 3 show that, in the high current limit, the slopes of the I-V characteristics are magnetic field independent. Such a feature is supported by the results shown in Fig. 4 .
We concentrate now in the linear regime of the I-V characteristics at high applied excitation currents (I >> I C ) for the Y 0.55 Pr 0.45 Ba 2 Cu 3 O 7−δ sample. Fig. 4(a) shows the first derivative of the V(I) curves displayed in Fig. 3(a) , at several values of applied magnetic fields in the range 0 ≤ H ≤ 76 Oe. At high excitation currents, the dV /dI curves approach a constant value, a feature which is magnetic field independent. We emphasize that the linear behavior of R(T ) and its saturation under applied magnetic fields can not be explained within the context of the classical flux flow model. According to this model, the magnitude of dV /dI is strongly magnetic field dependent as described in detail in the Ref. 21 .
To gain further information regarding the behavior of the transport properties of this system let us compare the saturation value of dV /dI at several applied magnetic fields (see Fig.  4(a) ) with the magneto-resistance [R(H) ≡ V (H)/I] curves displayed in Fig. 4(b) . These curves were obtained from measurements of R(H) when the system is subjected to different excitation currents at T = 4.2K. The combined results indicates that ohmic behavior is only observed for high applied magnetic fields (H > 50 Oe) and high excitation currents (I ≥ 20 mA). In addition to this, the data also show that the electrical resistance of the sample reaches a satura- tion value close to 0.36 Ω in both situations. It is important to notice that this ohmic resistance is related to the normal state shunt resistance R N , as discussed before. Such a normal state is characterized by disconnected superconducting clusters, in which the normal state shunt resistance of the network of junctions was reached. This idea is supported by previous magnetotransport data of granular superconductors in which dissipation was argued to be ruled by the weak intergranular coupling and by intragranular flux flow at low and high magnetic fields, respectively [25] .
The values of R N are of interest for an analysis of the transport measurements discussed above and for a better understanding of the RSJ model. Within this context, which crosses the network of junctions.
Based on the RSJ model and the experimental results above described we argue that the dissipation due to the normal current occurs in all applied current range studied. In fact, it vanishes at very low excitation current due to the detection limit of the voltage instruments. Thus, when I −→ zero and I << I C , I S >> I N , and I ∼ I S , which describes a zeroresistance (V −→ 0) superconducting state. For instance, at T = 4.2 K, H = 2.85 Oe, and I = 10 −4 mA, I S ∼ 10 −4 mA and I N ∼ 10 −6 mA, indicating that I N is nearly hundred times lower than I S (see inset of the Fig. 6 ).
Finally, we have analyzed all the I-V characteristic curves for Sm 1 
IV. CONCLUSION
In summary we have investigated the transport properties of polycrystalline samples of both the hole-doped Y 1−x Pr x Ba 2 Cu 3 O 7−δ (x = 0.0, 0.35, and 0.45) and the electron-doped Sm 2−x Ce x CuO 4−δ (x = 0.18) systems. All the investigated samples exhibit the double resistive superconducting transition, a feature characterized by drops in the electrical resistivity data at two well defined temperatures T ci and T c j . We have found that, in the limit of high excitation current, the I-V characteristics taken at T below T c j are linear for all the investigated samples. Most importantly it was also found that the slopes of the I-V characteristics at this high-current limit are magnetic field independent. The results obtained for four different samples are in good agreement with the predictions of the RSJ model suggesting that dissipation in granular samples is a consequence of the normal current flowing in parallel with the supercurrent. This experimental work has provided support for the two-fluid model for transport properties of granular superconductors published elsewhere [22] .
